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This study presents Xenopus claudin (Xcla), a tight-junction protein that is abundantly expressed in eggs and neuroecto-
dermal precursors during early development. It was isolated via a differential screen for mRNAs enriched in microsomes in
the Xenopus blastula. The Xcla protein contains four transmembrane domains and a carboxy-terminal cytoplasmic region
ith a putative PDZ-binding site. We show that this PDZ-binding site of Xcla is critical for its correct localization on the
ell membrane and that a truncated form leads to delocalization of the tight-junction protein ZO-1. Overexpression of Xcla
auses changes in the cell adhesion properties of blastomeres and leads to visceral situs randomization. The results suggest
hat left–right axial patterning is very sensitive to changes in regulation of cell–cell interactions and implicate a
ight-junction protein in the determination of left–right asymmetry. © 2001 Academic Press
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Tight junctions provide an apical seal, also known as the
zonula occludens, in polarized epithelial and endothelial
cells. Tight junctions are found associated with adherens
junctions and gap junctions in most epithelial cell types and
are linked intracellularly to the actin cytoskeleton (Kojima
et al., 1999; Fanning et al., 1998). These junctions play a
major role in specific cell–cell recognition, sorting, and
communication and in the maintenance of the cohesive
sheet of cells required for epithelial integrity and morpho-
genesis. Two important functions previously described for
tight junctions are a barrier function that allows epithelia to
separate fluid compartments (e.g., blood/brain) by control-
ling the permeability of the paracellular pathway to ions
and larger molecules and a fence function that restricts the
mobility of membrane proteins and lipids across the bound-
ary between apical and basolateral membrane domains,
establishing the polarity of epithelial cells (Fanning et al.,
1998; Citi, 1993; Mu¨ller and Hausen, 1995). More recently
a third function in cell adhesion has been proposed for
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All rights of reproduction in any form reserved.tight-junction proteins (Kubota et al., 1999; Fanning et al.,
1999).
Tight junctions contain integral membrane proteins that
bridge adjacent cells and peripheral cytoplasmic proteins
that interact with the cytoskeleton (reviewed in Citi and
Cordenosi, 1998). In avian and mammalian epithelia the
membrane-spanning component of the tight-junction com-
plex includes the four-transmembrane proteins occludin
and family members of the more recently identified clau-
dins (Furuse et al., 1993, 1998a). The cytoplasmic compo-
ent of the tight-junction complex contains several periph-
ral proteins, in particular zonula occludens-1 (ZO-1)
Stevenson et al., 1986), ZO-2 (Gumbiner et al., 1991; Itoh
et al., 1999a), and ZO-3 (Haskins et al., 1998). ZO-1 is
hought to be responsible for clustering transmembrane
roteins or receptors in their correct positions by binding to
he COOH-terminus of these proteins via 90-amino-acid
epeats called PDZ domains, so designated because of their
onservation in the PSD-95 (postsynaptic density-95),
lg-A (discs-large), and ZO-1 proteins (Fanning and Ander-
on, 1999). Tight junctions play an important role during
arly embryonic development. For example, functional in-
ercellular tight junctions maintain epithelial integrity dur-
ng the formation of the blastocoele cavity in Xenopus
Cardellini et al., 1996; Merzdorf et al., 1998). The regula-
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218 Brizuela, Wessely, and De Robertistion of tight-junction complex assembly is dependent on
the localization of tight-junction transmembrane proteins
within the cell (Fleming et al., 1993) and has been impli-
ated in the timing of blastocoele formation (Sheth et al.,
000).
In Xenopus, early development takes place in the absence of
NA synthesis until the midblastula transition and com-
letely relies on maternally inherited proteins and mRNAs
FIG. 1. (A) Alignment of the Xcla amino acid sequence with
human Claudins 4, 3, and 5. (B) The putative Xenopus Claudin
protein has four transmembrane domains, two extracellular loops,
one intracellular loop, and a cytoplasmic carboxyl-terminus. (C, D)
Immunostaining of Xcla-HA-injected animal caps in (C) nonper-
meabilized and (D) permeabilized cell membranes; this demon-
strates experimentally that the predicted structure shown in B is
the correct topology and confirms that the protein is located in the
cell membrane and is concentrated at regions of cell contact (inset
in D).Newport and Kirschner, 1982). In an effort to identify
Copyright © 2001 by Academic Press. All rightembrane-bound or secreted proteins translated at these
arliest stages of embryogenesis, we purified mRNAs associ-
ted with the endoplasmic reticulum at the blastula stage and
arried out a differential screen of microsomal versus nonmi-
rosomal mRNAs. In the present study we characterize one of
he clones isolated, Xcla. Although the function of this pro-
ein was unknown at the time the studies were initiated, rapid
rogress in this active area of research revealed that Xcla was
member of the Claudin gene family of tight-junction pro-
eins. Xcla mRNA is expressed maternally in the oocyte and
lastula stages and has a dynamic zygotic expression pattern
n epithelial cells at the gastrula, neurula, and tail-bud stages.
e show that, like members of the claudin gene family in
ther systems, Xcla is an indispensable component of the
ight-junction complex in Xenopus embryos. Overexpressed
cla localizes at cell–cell contact points and increases cell
dhesion, while a mutant construct lacking the C-terminal
DZ-binding domain changes ZO-1 localization.
Perturbation of cell adhesion and cell migration have
reviously been correlated with randomization of left–
ight asymmetries in Xenopus embryos. Elimination of
bronectin fibrils from the blastocoele roof over which
ardiac and visceral primordia move during development
esults in global randomization of left–right asymmetries
Yost, 1992). In addition, communication via gap junc-
ions has been shown to play an essential role in left–
ight asymmetry in Xenopus (Levin and Mercola, 1998)
nd has been implicated in heterotaxia in humans (Britz-
unningham et al., 1995). Furthermore, N-cadherin, a
omponent of adherens junctions, is required for left–
ight asymmetry in the chick (Garcia-Castro et al., 2000).
nterestingly, injection of synthetic mRNA encoding
cla into Xenopus embryos causes bilateral expression of
nr-1 in lateral plate mesoderm and left–right random-
zation of the visceral organs (heart, gut, and gall bladder).
his phenotype is not accompanied by a concomitant
ecrease in gap-junction communication. The results
uggest that left–right axial patterning is very sensitive to
hanges in cell junction function.
MATERIALS AND METHODS
Isolation of Microsomal RNA Fractions from
Xenopus Embryos
To screen for membrane or secreted proteins that might
function in early development, a method for microsome isola-
tion was developed for Xenopus embryos from the methods of
Adelman et al. (1973) and of Kopiczynki et al. (1998). Xenopus
embryos were allowed to develop to blastula stage 9 (8.5 h after
fertilization), and 500 healthy embryos were selected, homoge-
nized in a glass homogenizer with a loose pestle in 6 ml STKMH
homogenization buffer (0.5 M sucrose, 50 mM Tris–HCl, pH 7.5,
25 mM KCl, 5 mM MgCl, 0.5 mg/ml heparin), and centrifuged
(45 s, 5220g) in an Eppendorf 5402 microcentrifuge to remove the
yolk. The postyolk supernatant (PYS) was decanted from the
yolk pellet and adjusted to a final concentration of 150 mM KCl,
2 M sucrose, 0.5 mg/ml heparin. High K1 concentration is used
s of reproduction in any form reserved.
).
219Xenopus Claudin and Left–Right Asymmetryto destabilize weak protein–protein interactions and help disso-
ciate free polysomes from membrane-bound polysomes (rough
microsomes). The high sucrose density allows the PYS to form
the bottom of a step gradient, producing a better separation of
the floating microsome fraction. The addition of heparin inhibits
ribonuclease activity. The PYS was then placed in the bottom of
a sucrose density step gradient overlaid by 1.8 and 1.3 M
STKMH. After ultracentrifugation (13 h, 212,000g) in a Beckman
SW 50.1 rotor, fractions were collected using a peristaltic pump.
FIG. 2. Xenopus claudin expression pattern studied by in situ hy
RT-PCR of RNA isolated from 16-cell stage embryos; Xcla expres
control and histone H4 as a loading control. (C–F) Xcla mRNA in th
in the late gastrula, neurula, and neural tube stages. Note that the ex
that appears to coincide with the midbrain/hindbrain boundary (ar
can be detected in the developing neuroepithelium at the tip of the t
in K), as well as in nasal placode and pronephros (arrowheads in LRNA was then purified from the fractions with RNA-Stat 50LS
Copyright © 2001 by Academic Press. All right(Tel-Test, Inc.) and tested by RT-PCR for the presence of chordin
and Frzb-1 mRNA, which encode known secreted molecules.
Isolation of Xcla cDNA
The fractions that tested positive for microsomes marked by
chordin and Frzb-1 mRNA were transcribed into cDNA by the Cap
Finder method (Clontech). cDNAs with inserts between 600 and
1200 bp, prepared by sizing columns, were cloned into the pCR2.1
ization. (A) Maternal expression of Xcla in oocyte stages I–IV. (B)
is enriched in the animal hemisphere. Vg1 was used as a vegetal
al pole of 2-, 4-, 8-, and 128-cell embryos. (G–J) Zygotic expression
sion is repressed in the neural plate midline and in a transient band
ead in I). (K and L) Tail-bud stage embryos. Xcla neural expression
n the otic vesicles, and in the branchial arch endoderm (arrowheadsbrid
sion
e anim
pres
rowh
ail, ivector (Invitrogen), and 77 individual clones were sequenced using
s of reproduction in any form reserved.
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220 Brizuela, Wessely, and De Robertisan ABI sequencer and analyzed using the BlastN and BlastX search
programs (nonredundant GenBank database). After analyzing these
sequences we determined that 19 independent genes were repre-
sented. These isolated clones consisted of partial cDNAs of 13
novel genes, 5 cDNAs with varying degrees of homology to
occludin/ELL, spermidine N1-acetlytransferase, phosphatidylino-
sitol glycan-B, ILV5, and human b-catenin, in addition to Xcla
(described here). Xcla was isolated independently seven times, and
its full-length cDNA was then isolated from a dorsal lip Xenopus
gastrula library (Blumberg et al., 1991) and sequenced on both
strands (GenBank Accession No. AF224712). Related Xenopus
clones appear in the GenBank EST database, suggesting that other
claudin family members may be present in Xenopus later in
evelopment.
RT-PCR and in Vitro Transcription/Translation
RT-PCR to test microsomal fractions were performed using
primers for chordin, Frzb-1, and Vg1; histone H4 was used as the
onsecreted control, and ornithine decarboxylase and elongation
factor 1-a were used as loading controls. All primers and conditions
re described in http://www.hhmi.ucla.edu/derobertis/protocol-
age/protocol.html. RT-PCR primers for Xcla were (forward) 59-
GA ACA ACA TAG TGG TGG C-39 and (reverse) 59-GAC AGT
AG GGC ACG GGC A-39 (annealing temperature 52°C, 20
ycles). Oocytes and embryo stages were determined as in Nieu-
koop and Faber (1994). In situ hybridization was performed as
described (Belo et al., 1997).
Plasmid Construction and RNA Injections
The pCS2-Xcla-HA C-terminal HA tag construct was gener-
ted by PCR addition of the amino acids YPYDVPDYA after
al214 and subcloned into the EcoRI–XhoI sites of the pCS21
vector. The pCS2-Xcla-DC-HA construct was made by PCR
utagenesis to remove the C-terminal amino acids 192–214,
dding an HA-tag after amino acid 191. pCS2-Xcla-DC-HA
xpresses a truncated form of the protein, which lacks the
utative PDZ binding site. To generate synthetic mRNAs
CS2-Xcla, pCS2-Xcla-HA, or pCS2-Xcla-DC-HA was digested
ith NotI and transcribed with SP6 RNA polymerase (Kim et al.,
998). mRNAs for green fluorescent protein (GFP), prolactin,
nd lacZ were described (Kim et al., 1998; Zernicka-Goetz et al.,
996).
To determine the cellular localization of the Xenopus Claudin
rotein, four injections of 300 pg Xcla mRNA containing an
A-tag were introduced into the animal pole at the 4- to 8-cell
tage, followed by immunohistological staining (see below).
issociation and reaggregation experiments were done as de-
cribed in Kim et al. (1998) following injection of 300 pg Xcla or
cla-DC mRNA into each blastomere at the 4-cell stage. The cell
dhesion phenotype was determined after one injection of 400 or
00 pg Xcla or Xcla-DC mRNA into the A4 blastomere at the
2-cell stage. Xcla and Xcla-DC were co-injected with 250 pg
FP and 250 pg lacZ mRNA as lineage tracers.
Effects on left–right asymmetry were analyzed after two
orsal, two ventral, two left, or two right injections of Xcla or
cla-DC (400 or 600 pg mRNA total per embryo) at the four- to
ight-cell stage. Defects in left–right asymmetry were deter-
ined by scoring the situs of the heart, gut, and gall bladder
nder a dissecting microscope in embryos anesthetized with
.1% tricaine (Sigma) at stage 45. Only embryos with a normal
Copyright © 2001 by Academic Press. All rightorsoanterior index (DAI 5 5) were scored. Xnr-1 expression was
etermined by in situ hybridization at stage 22 after injection of
cla or Xcla-DC (600 pg total RNA) into the animal cap region of
ach blastomere at the four-cell stage. Gap-junction transfer
ssays were performed as described in Levin and Mercola (1998),
fter two injections of Xcla or Xcla-DC (600 pg total RNA) before
rst cleavage.
Immunohistochemistry and Confocal Microscopy
L-cell fibroblasts were transfected with 1 mg of the HA-tagged
orms of Xcla or Xcla-DC in a CMV promoter-driven expression
ector (pCS2), on eight-chamber slides (Nunc/Lab-Tek), and
ultured for 48 h in MEM with 10% fetal calf serum. Cultured
ells were fixed and stained as stated elsewhere (Furuse et al.,
998b). Injected animal caps were dissected at stage 10.5, fol-
owed by fixation and staining as stated elsewhere (Miller and
oon, 1997). Counterstain with BODIPY (Molecular Probes; 30
in at room temperature at 2 units/ml) was used to emphasize
he cell membrane in some samples prior to mounting in
ectashield (Vector Laboratories). Cell culture specimens and
nimal cap explants were observed using a fluorescence Zeiss
xiophot photomicroscope, and confocal microscopy was per-
ormed on an MRC 1024 scanner (Bio-Rad) attached to an
clipse TE 300 Nikon microscope. The ZO-1 antibody used here,
hich is cross-reactive with Xenopus, was antiserum 10153
aised in rabbit against a human ZO-1/GST fusion protein
Merzdorf et al., 1998) and kindly provided to us by Dr. Daniel
oodenough.
RESULTS
Cloning and Characterization of cDNA Encoding
Xenopus Claudin
Patterning of the early frog embryo requires the expres-
sion of secreted morphogens and depends on the commu-
nication between cells for the correct interpretation of
these signals. For this reason, we decided to use microsome
fractionation to screen for molecules which are either
present at cell membranes or secreted into the extracellular
space. This method is based on the observation that those
proteins targeted to the cell membrane or secretory path-
way have their mRNA transcripts bound to the endoplas-
mic reticulum (Adelman et al., 1973; Kopczynski et al.,
1998; Diehn et al., 2000). A maternal mRNA isolated
multiple times (seven independent isolates) was chosen for
further analysis and a full-length cDNA was isolated. Xcla
encoded a novel member of the Claudin family of tight-
junction membrane proteins (Fig. 1A). The Xcla protein has
62% amino acid identity to human Claudin-4 (Morita et al.,
1999a), 59% identity to human Claudin-3 (Morita et al.,
999a), and 52% identity to human Claudin-5 (Morita et al.,
1999a,b; Sirotkin et al., 1997; Chen et al., 1998). Xcla shows
ower sequence similarity to Claudin-6, Claudin-1,
laudin-2, and other members of this recently identified
amily of tight-junction proteins. Since Xcla is the first
ember of the claudin family isolated in Xenopus, andnone of the other vertebrate Claudins have been analyzed
s of reproduction in any form reserved.
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221Xenopus Claudin and Left–Right Asymmetryfor its expression pattern during early embryogenesis, with
current knowledge it is not possible to say whether Xcla is
homologue to a previously isolated claudin. The level of
mino acid identities, however, would suggest that Xcla
ay be a novel Claudin family member. The Xcla cDNA
ncodes a protein of approximately 25 kDa as judged by in
itro coupled transcription/translation (not shown). Like
ther members of this family, Xcla ends in the sequence
NYV, a potential PDZ-binding motif (Fig. 1A), which is
hought to be recognized by ZO-1 (Morita et al., 1999a;
ongyang et al., 1997; Itoh et al., 1999b). Hydropathy
nalyses of the amino acid sequence of Xcla predicted four
ransmembrane regions (Fig. 1B). To clarify the in vivo
opology of the protein, we used an immunohistochemical
pproach to determine the localization of the COOH-
erminus. Synthetic mRNA of a COOH-terminal HA-
agged Xcla was injected into the four blastomeres of
ight-cell embryos, the animal caps were dissected at stage
0.5 and stained with an anti-HA antibody in the presence
r absence of Triton X-100 detergent. Staining at the cell
urface could be detected only after permeabilization of the
embrane with detergent, demonstrating that the HA-
agged C-terminus of the protein is intracellular (compare
igs. 1C and 1D).
Expression of Xenopus Claudin
In order to study the expression of Xcla during develop-
ent we performed whole-mount in situ hybridization (Fig.
). Xcla is strongly expressed maternally in the animal pole
f oocytes and cleaving embryos after fertilization (Figs. 2A
nd 2C–2F). This animal pole enrichment of the maternal
cla mRNA could be confirmed using embryos dissected
nto animal cap and vegetal mass at the 16-cell stage and
nalyzed by RT-PCR (Fig. 2B). After the midblastula tran-
ition and the onset of zygotic transcription, Xcla expres-
ion could be detected in neural plate epithelium (Fig. 2G)
hich subsequently narrowed as the neural folds close to
orm the neural tube (Figs. 2H–2J). Expression is downregu-
ated in the midline and in a transient band that appears to
oincide with the midbrain/hindbrain boundary (Fig. 2I). In
ail-bud stage embryos, Xcla mRNA is found in the tip of
he tail, nasal placode, and otic vesicles, as well as in
ranchial arch endoderm, pronephros, and pronephric duct
Figs. 2K and 2L). It is interesting to note that all of the
issues which show expression of Xcla are of epithelial
haracter. Northern blot analysis showed that Xcla is
xpressed as a single transcript of approximately 1.2 kb
rom oocyte through all embryonic stages (not shown). We
onclude that Xcla mRNA is stored maternally in the
nimal region of the egg and expressed zygotically in
eveloping epithelia.
The COOH-Terminus of Xcla Is Required for
Localization within the Membrane
It has recently been shown that ectopically expressed
claudin cDNA can reconstitute tight-junction-like struc- o
Copyright © 2001 by Academic Press. All rightures in L-cells, a fibroblast cell line which does not form
ight junctions and does not endogenously express claudin
Furuse et al., 1998a,b). Similar results could be obtained
sing epitope-tagged full-length Xcla. After transfection
nto L-cell and staining with an anti-HA antibody the
rotein was found at cell contact points between the L-cells
Figs. 3B and 3D). Interestingly, a construct lacking the last
3 amino acids from the COOH-terminus of Xcla, which
eleted the potential PDZ-binding domain (Xcla-DC, Fig.
A), failed to concentrate at cell contacts and appeared to be
ocalized mostly in intercellular organelles (Fig. 3E). There-
ore, the COOH-terminus of Xcla was required for the
roper localization of the protein to cell contact points.
Interaction of Claudin with ZO-1 via the PDZ domain
Itoh et al., 1999b) may position the Claudin/ZO-1 complex
n the apical region of the epithelial cell, where tight
unctions are formed. Therefore, we wanted to test whether
cla-DC affected not only its own localization, but also the
ormation of endogenous cell junctions marked by ZO-1. To
his end, we injected synthetic mRNA encoding the HA-
agged versions of either the mutant or the wild-type
rotein into the animal pole of four-cell stage embryos,
issected animal cap explants at stage 10.5, and analyzed
hem for the localization of ZO-1 and the injected protein
onstruct using immunohistochemistry. As expected for
ight-junction-like structures, full-length Xcla-HA protein
olocalized with endogenous ZO-1 in the cell membrane of
nimal cap explants (Figs. 4A–4C). However, in embryos
xpressing Xcla-DC-HA not only did the mutant protein not
ocalize at the membrane, but in addition endogenous ZO-1
ost its localization at the surface membrane, was found
redominantly in intracellular organelles, and was not
olocalized with Xcla-DC-HA in the cytoplasm (Figs. 4D
nd 4E). These results were reproducible and the effects of
oth Xcla and Xcla-DC could be obtained in four indepen-
dent experiments (n 5 12 for each experimental condition)
involving 48 caps total.
Xcla and Xcla-DC Affect the Adhesive Properties of
Epithelial Cells
To test whether the effects of Xcla and Xcla-DC mRNA
n tight junctions might influence the adhesive properties
f cells in the embryo, we co-injected mRNAs encoding
ither form of the protein together with lacZ lineage tracer.
Embryos injected into a single blastomere (see Materials
and Methods) were fixed at stage 11 and stained for
b-galactosidase activity. Injection of control prolactin
RNA showed a gradual dispersion of the injected cells in
smooth pattern as shown in Fig. 5A (94%, n 5 77).
njection of full-length (nonepitope tagged) Xcla mRNA
aused cells to adhere more tightly and thereby prevented
ell dispersion (62%, n 5 103, Fig. 5B). Unexpectedly,
ctopic expression of the mutant construct Xcla-DC re-
ulted in a broad dispersion of large groups or clumps of
ells, with some clumps localizing far away from the point
f injection (88%, n 5 107, Fig. 5C). The Xcla-DC pheno-
s of reproduction in any form reserved.
a
m
c
f
w
r
i
P
l
c
d
i
c
a
i
m
w
e
h
t
a
t
X
r
s
F
t
m
(
e
a
clonal antibody to show the endogenous ZO-1 protein (green).
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Copyright © 2001 by Academic Press. All righttype could be rescued to a degree of cell dispersion resem-
bling that of the wild type by co-injection of the full-length
Xcla and Xcla-DC mRNA (76%, n 5 107, Fig. 5D). This
result suggests that ectopically expressed wild-type Xcla
may form oligomers with Xcla-DC to rescue the phenotype.
Finally, to further document changes in adhesive behavior,
ectodermal explants of embryos injected animally with
Xcla or Xcla-DC mRNA, together with mRNA for the
lineage tracer GFP, were analyzed for their cell adhesion
behavior with uninjected cells (Fig. 5E). Interestingly, in the
case of full-length Xcla the effect of overexpression of a
tight-junction protein could already be detected during the
dissociation procedure. The Xcla-injected cells became
much more tightly associated and could not be easily
dissociated in calcium/magnesium-free solution. Xcla-DC-
injected cells, however, were readily dissociated.
Dissociated microinjected animal cap cells were mixed
together with cells of control embryos injected with
rhodamine-dextran as a lineage tracer, reaggregated by ad-
dition of Ca21, and analyzed by fluorescence microscopy
fter 12 h (Kim et al., 1998). In two independent experi-
ents, cells injected with Xcla and GFP sorted out from
wild-type cells (Fig. 5F, n 5 13), as did cells injected with
Xcla-DC and GFP (Fig. 5G, n 5 9). Cells injected with
ontrol prolactin and GFP mRNAs dispersed more uni-
ormly among uninjected or rhodamine-dextran-injected
ild-type cells (Fig. 5H, n 5 13). Taken together, these
esults suggest that overexpression of Xcla leads to changes
n cell adhesion. A mutant version lacking the C-terminal
DZ binding domain, Xcla-DC, also does this, although to a
esser degree, causing changes in behavior of the injected
ells. The ability of Xcla-DC to change cell adhesion may be
ue to its interaction with the endogenous claudin present
n the cell or the sequestering of other tight-junction
omponents. The effects of Xcla-DC on cell adhesion may
lso be due to interactions, via other domains still present
n the protein, with occludin or the junctional adhesion
olecule (JAM). JAM is a member of the Ig superfamily
hich localizes to the tight junctions of both epithelial and
ndothelial cells and has been shown to both mediate
omotypic adhesion and influence monocyte transmigra-
ion (Martin-Padura et al., 1998).
Randomization of Left–Right Asymmetry
To determine whether interfering with tight-junction
assembly had consequences for normal development, we
injected synthetic mRNA of Xcla-DC at the four-cell stage
(see Materials and Methods) and examined the resulting
Xcla-HA and ZO-1 are colocalized in spots along the membrane in
Xcla-HA-injected caps (C), but located mostly in intracellular
organelles from the membrane in Xcla-DC-HA-injected caps (E).
Endogenous ZO-1 protein is localized in the membrane of unin-FIG. 3. The PDZ binding domain is required for Xcla localization
at cell contact points in L-cells. (A) Schematic representation of the
epitope-tagged constructs used; see text for details. Representative
examples from two independent experiments, in which many
microscope fields involving hundreds of cells were examined. (C,
D) Xcla-HA and (E) Xcla-DC-HA transfected into L-cells and
nalyzed by immunofluorescence using an anti-HA antibody. Note
hat Xcla-HA is localized at contact points between cells, whereas
cla-DC was never found in intracellular locations (compare ar-
ows in C–E). (B) Phase contrast; (C) fluorescence image of cells
hown in (B). (D and E) Confocal microscopy.
IG. 4. Wild-type Xcla, but not Xcla-DC, colocalizes with ZO-1 in
he cell surface membrane. Confocal microscopy of Xenopus ani-
al cap explants injected with synthetic mRNA encoding Xcla-HA
A–C) or Xcla-DC-HA (D and E) and uninjected control (F). The
xplants were stained with anti-HA monoclonal antibody to visu-
lize the exogenous Xcla protein (red) and with anti-ZO-1 poly-jected caps (F).
s of reproduction in any form reserved.
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223Xenopus Claudin and Left–Right Asymmetryembryos at stage 45. Microinjection produced a very spe-
cific and reproducible phenotype, heterotaxia, in animals
that appeared phenotypically normal at stage 45. In the case
of Xcla-DC, 17% of the scored embryos (n 5 255) had
andomization of the heart, gut, and/or gall bladder (Figs.
C and 6E). In contrast, uninjected or prolactin mRNA-
njected control embryos displayed only 1% heterotaxia
n 5 438) (Figs. 6B and 6D). This suggested that functional
ight junctions are required for the determination of the
eft–right axis. Interestingly, this observation was not re-
tricted to the use of the mutant construct, which disrupts
ight junctions. Heterotaxia could also be observed when
verexpressing wild-type non-epitope-tagged Xcla mRNA
r Xcla-HA mRNA (29% heterotaxia, n 5 175).
In Xenopus the earliest marker for left–right asymmetry
s the expression of Xenopus Nodal-related 1 (Xnr-1) in the
eft lateral plate (Lowe et al., 1996) (Fig. 6F). We therefore
nalyzed the effects of Xcla and Xcla-DC on Xnr-1 expres-
ion. Embryos were injected into each blastomere at the
our-cell stage with Xcla, Xcla-DC, or control prolactin
RNA, or left uninjected, and then fixed at stage 22 and
nalyzed by whole-mount in situ hybridization (Figs. 6F–
H). In the case of the prolactin mRNA-injected (n 5 35)
nd uninjected (n 5 530) embryos, 91 and 95% of the
mbryos showed normal left-sided expression of Xnr-1,
espectively (Table 1). This was drastically altered upon
verexpression of Xcla (n 5 118), which caused 34% of the
mbryos to express Xnr-1 bilaterally. A similar result was
FIG. 5. Xcla overexpression affects cell adhesion. (A–D) Embryos
and prolactin, Xcla, Xcla-DC, or Xcla plus Xcla-DC mRNAs, follow
of wild-type Xcla (B) causes cells to be more adherent than in pro
mutated Xcla-DC (C) also causes cells to adhere, but they disperse
by co-injection of Xcla plus Xcla-DC (D). (E–H) Dissociated an
prolactin/GFP (H) were mixed with dissociated animal caps injecte
by the addition of Ca21. Both Xcla and Xcla-DC mRNA lead to cell
control cells disperse evenly throughout the aggregate.lso obtained in embryos injected with Xcla-DC mRNA m
Copyright © 2001 by Academic Press. All right42% bilateral Xnr-1, n 5 133). Interestingly, we observed
ery few cases of right-sided expression or complete loss of
nr-1 (Table 1). The higher frequency of bilateral Xnr-1
xpression compared to the heterotaxia phenotype in the
isceral organs (34% versus 28% for Xcla mRNA and 42%
ersus 17% for Xcla-DC mRNA) can be explained by the
act that left-sided Xnr-1 is a prerequisite for the establish-
ent of the left–right axis. In bilaterally expressing em-
ryos the orientation of each organ would be established
jected once into the A4 blastomere at the 32-cell stage with lacZ
y staining for b-galactosidase activity at stage 11. Overexpression
mRNA-injected control embryos (A), whereas overexpression of
umps of cells. This altered cell adhesion can be rescued to normal
caps injected with Xcla/GFP (F), Xcla-DC/GFP (G), or control
th rhodamine-dextran (red cells in F–H) and allowed to reaggregate
ng from rhodamine-dextran injected cells, while prolactin-injected
TABLE 1
Overexpression of Xcla or Xcla-DC Causes Bilateral Xnr-1
Expression in Lateral Plate Mesoderm
Xnr-1
expression
Controls
Xclaa
n 5 118
Xcla-DCa
n 5 133
prolactina
n 5 35
Uninjected
n 5 530
Bilateral 6% 4% 34% 42%
Absent 3% 0.6% 0% 0%
Right side 0% 0.4% 1% 5%
Left side 91% 95% 65% 53%
Note. Lateral plate mesoderm expression of Xnr-1 at stage 22 as
analyzed by in situ hybridization.
a Four injections into the animal region of each blastomere at the
-cell stage with Xcla, Xcla-DC, or prolactin mRNAs (600 pg totalco-in
ed b
lactin
as cl
imal
d wi
sortiRNA per embryo).
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Copyright © 2001 by Academic Press. All rightrandomly and thus can also result in a completely normal
situs.
Pioneering work by Levin and Mercola (1998) has shown
that disruption of gap-junction communication (GJC) also
leads to situs inversus. To address the question of whether
the phenotypic effects observed were caused by a secondary
effect on gap-junction communication, we used the ap-
proach of Levin and Mercola (1998). Fertilized albino eggs
were injected prior to the first cleavage with either Xcla or
Xcla-DC mRNA. Then at the 16-cell stage one random
animal blastomere was injected with a mixture of Lucifer
yellow and rhodamine-lysinated dextran dye. Embryos were
maintained in culture for an additional 20 min before
fixation and analysis by fluorescence microscopy. During
the time between injection and fixation the low-molecular-
weight compound Lucifer yellow (522 Da) could cross from
the injected cell into a neighboring cell via gap junctions,
while the .10 kDa rhodamine-lysinated dextran remained
within the injected cell. Thus, the number of embryos with
differential transport of Lucifer yellow is an indicator for
GJC (Fig. 7). Using this approach we found that 24% of the
embryos (n 5 49) injected with the mixture of Lucifer
yellow and rhodamine-lysinated dextran showed transfer.
This number was reduced to 11% (n 5 27) when the
embryos were incubated in heptanol, a compound that
inhibits GJC in Xenopus (Levin and Mercola, 1998). Injec-
tion of Xcla-DC (n 5 37) had no effect on GJC, whereas
Xcla mRNA (n 5 24) led to a slight increase (Figs. 7A–7G).
The 24% transfer via GJC in control embryos was less than
the 41% reported for dorsal blastomeres by Levin and
Mercola (1998) and might be explained by the fact that we
injected albino embryos at random animal blastomeres,
whereas previous workers have reported higher GJC in
dorsal blastomeres and lower GJC in ventral blastomeres
(Levin and Mercola, 1998). We preferred albino embryos for
this initial set of experiments as we had noted that the
ventral pigment can quench the fluorescent signal in some
batches of embryos. To confirm that the failure of Xcla-DC
to affect GJC (Fig. 7G, 26% compared to the 24% for
controls) was not due to the low basal level of Lucifer
yellow transfer, we repeated the experiment on dorsal
blastomeres of embryos with strong dorsal–ventral polarity
(Klein, 1987). Under these conditions, a higher basal rate of
GJC was obtained. Indeed, after allowing 10 min for transfer
after co-injection of rhodamine-dextran and Lucifer yellow,
dye transfer was observed in 63% (n 5 32) of the control
embryos and in 65% (n 5 69) of the Xcla-DC mRNA-
injected embryos (Fig. 7H). Thus, the phenotype of hetero-
taxia caused by Xcla-DC cannot be caused by a decrease in
GJC. For these and other reasons discussed below, we favor
the interpretation that interfering with tight-junction as-
sembly can affect left–right asymmetry independent of
changes in gap-junction communication, although we can-
not rule out the possibility that the slight increase in GJC
(particularly in the case of Xcla) could be in part responsibleFIG. 6. Overexpression of Xcla mRNA causes bilateral Xnr-1
xpression and left–right randomization. (A–H) Embryos were
njected at the four-cell stage with Xcla or Xcla-DC mRNA and
cored for inversions at stage 45 (B–E) or analyzed by Xnr-1 in
itu hybridization at stage 22 (F–H). (B, D, and F) Uninjected
ontrol embryos. (C) Inverted heart and gall bladder (compare
rrowheads in B and C) and (E) inverted gut coiling (compare
ith D) in Xcla-DC-injected embryos. (F) Normal left-sided
nr-1 expression in control embryo from dorsal view. Bilateral
nr-1 expression from dorsal view in (G) Xcla and (H) Xcla-DCfor the left–right phenotype.
s of reproduction in any form reserved.
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225Xenopus Claudin and Left–Right AsymmetryFIG. 7. Gap junction communication (GJC) is not inhibited by overexpression of Xcla or Xcla-DC. Albino embryos injected with
either Xcla (A and B) or Xcla-DC (C and D) prior to the first cleavage, followed by one injection of a mixture of Lucifer yellow (LY)
nd rhodamine-dextran (RLD) at the 16-cell stage, are shown under fluorescence. The presence of a cell with LY only (arrows) adjacent
o a cell which was injected with both LY 1 RLD (arrowheads) indicates dye transfer through gap junctions. Heptanol is an inhibitor
f GJC; the heptanol-treated embryo shown in E and F is an example of inhibition of GJC. The heptanol treatment was less effective
n our case (11% versus 5% for Levin and Mercola, 1998), perhaps due to subtle technical differences. (G and H) Percentage of embryos
howing LY transfer after heptanol treatment (n 5 27), no treatment (n 5 49 albino; n 5 32 pigmented), Xcla injection (n 5 24) or
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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Xcla and Cell Junctions in the Early Embryo
In the course of a screen designed to identify membrane
or secreted molecules translated during early Xenopus de-
velopment using microsome fractionation, we found that
the Xcla transcript is an abundant microsome-bound
mRNA in the Xenopus blastula. Using microinjected ani-
mal cap explants, we have shown that the COOH-tail of
Xcla is located intracellularly and that it is required for the
correct localization of Xcla to the cell surface membrane as
well as for its colocalization with ZO-1. Our experiments
indicate that Xcla, like other members of the claudin
family, is able to concentrate at cell contact points in
L-cells which form tight-junction-like structures and that
the ability of Xcla to form these structures requires the
putative PDZ-binding region.
It has been previously reported that Claudin-1 and
Claudin-2 can recruit occludin into the tight-junction com-
plex (Furuse et al., 1998b). Our present results show that
the COOH-terminus of Xcla is required for interaction with
ZO-1, allowing both proteins to be relocated from the
cytoplasm to the membrane, such that ZO-1 can then
function to correctly position the proteins within the apical
region of the membrane, a prerequisite for mature tight-
junction formation (Merzdorf et al., 1998; Itoh et al.,
1999b). As shown in Fig. 8, both occludin and claudins have
four transmembrane domains, two extracellular loops, one
intracellular loop, and a cytoplasmic tail (Furuse et al.,
1993, 1998a; this work). This protein structure and topology
is shared by another family of junction proteins, the con-
nexin gap-junction proteins (Goodenough et al., 1996).
The hypothetical model shown in Fig. 8 indicates how
Xcla could function in the localization of multiple proteins
into a complex in the tight junction. Oligomers of Occludin
might bind to ZO-1 (Furuse et al., 1994; Chen et al., 1997),
which may then be recruited to the surface membrane by
interaction with the COOH-terminus of Claudin. Several
models have been described for the formation of mature and
functional tight junctions (Merzdorf et al., 1998; Rajaseka-
ran et al., 1996; Citi and Cordenosi, 1998). Tight-junction
formation in Xenopus cleavage stage embryo, as demon-
strated by Merzdorf et al. (1998), starts deep in the intercel-
lular spaces, leaving exposed ion-permeable membrane in
the cleavage furrows, and as these junctions mature, they
move toward a progressively more apical position between
Xcla-DC injection (n 5 37 albino; n 5 69 pigmented). Ectopic expr
(G). This observation might be explained if the tighter adhesion
communication. (H) Dorsal injections into pigmented embryos sh
Xcla-DC mRNA microinjection.
FIG. 8. A model for tight-junction assembly. Oligomers of occlud
facilitate the assembly of the mature apical tight junction. Tr
cytoplasmic proteins ZO-2 and ZO-3, which also bind to ZO-1 and act
Copyright © 2001 by Academic Press. All rightthe cells until they achieve barrier formation. These find-
ings correlate with a molecular model in which maturation
of the tight junction occurs as ZO-1 sequentially interacts
with transmembrane components of the tight-junction
complex (Rajasekaran et al., 1996).
Xcla mRNA and Left–Right Asymmetry
The left–right polarity phenotype of overexpressing Xcla
in Xenopus embryos opens exciting developmental ques-
tions. Xcla mRNA causes a randomization of the situs
preceded by bilateral expression of Xnr-1. This left-sided
expression of Xnr-1 in the lateral plate mesoderm is the
earliest marker so far characterized for left–right asymme-
try in Xenopus (Capdevila et al., 2000). Hyatt and Yost
(1998) have proposed that two subsequent steps cause this
asymmetric expression. Early in development, a left–right
coordinator interacts with the Spemann organizer and to-
gether both establish left–right asymmetry. Although not
yet proven definitively, the TGFb molecule Vg1 appears to
e a key player in this process. Later, the establishment of
midline barrier is thought to enforce asymmetries (Meno
t al., 1998). The perturbation of tight-junction assembly by
verexpression of Xcla or Xcla-DC might interfere with the
ater event in left–right patterning since, in contrast to Vg1
Hyatt and Yost, 1998), it does not lead to right-sided but
ather to bilateral expression of Xnr-1.
It has been proposed that Lefty-1 may provide a repressive
ignal that prevents left-sided determinants from crossing
he midline to the right side of the embryo (Meno et al.,
998). Mutants that lack this protein show isomerism and
ave bilateral expression of the left-side determinants
odal and lefty-2 (Meno et al., 1998). Recently, another
olecule, Caronte, has been implicated as an inducer of
eft-sided Nodal expression in chicken (Rodriguez Esteban
t al., 1999; Yokouchi et al., 1999). SHH and Pitx2 are
ositive factors inducing the left-sided determination,
hile cSnR and FGF8 have been implicated in the right-
ided pathway in chicken (Ryan et al., 1998; Patel et al.,
999; Isaac et al., 1997; Boettger et al, 1999). While in
enopus no asymmetric gene expression before Xnr-1 has
een reported to date, it is, however, possible that some
embers of the hedgehog family and cerberus-related genes
ay also be involved in this process. Interestingly, cells
rom desert hedgehog (dhh2/2) mutant mice have abnormal
tight junctions that allow the passage of proteins and other
macromolecules through the intercellular space, suggesting
n of Xcla somewhat increased the percentage of embryos with GJC
lls injected with Xcla mRNA led to an increase in gap-junction
g a higher frequency of GJC that is, nevertheless, not affected by
ay form a complex with ZO-1. Claudin binding to ZO-1 may then
embrane proteins located at the tight junction associate withessio
of ce
owin
in m
ansmin.
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227Xenopus Claudin and Left–Right Asymmetrythat hedgehog may not only have an instructive role, but
may also actively maintain cell polarity (Parmantier et al.,
999). Mice mutant for claudin-11 also have abnormal tight
junctions, and dhh and claudin-11 are expressed in similar
issues of the embryo (Morita et al., 1999c; Gow et al.,
999).
Experiments by Levin and Mercola have demonstrated
hat interfering with gap junctions causes heterotaxia in
enopus (Levin and Mercola, 1998). We now report that a
eterotaxia phenotype can be obtained by overexpression of
he tight-junction claudin constructs Xcla-DC and Xcla.
owever, overexpression of Xcla constructs did not prevent
ap-junction communication between cells in this assay.
xperiments with Lucifer yellow showed dye transfer
hrough gap junctions in embryos injected with Xcla-DC or
ild-type Xcla. In our assay for Xnr-1 expression, we
bserved a striking increase in bilateral Xnr-1 expression
fter overexpression of Xcla or Xcla-DC mRNA. In the case
f gap junctions, the predominant phenotype seen by over-
xpression of mutant or wild-type connexins was the loss of
nr-1 expression, although some bilateral expression was
lso observed, but to a lesser extent in the case of a
ominant-negative connexin mRNA (Levin and Mercola,
998). Since claudins cause ectopic Xnr-1 expression on the
ight side (resulting in bilateral expression), whereas con-
exins cause mostly loss of normal Xnr-1 expression on the
eft side, we suggest that changes in both types of epithelial
ell junction might lead to left–right asymmetries. The
olecular mechanism in both cases would be upstream of
he Nodal signaling pathway since both show alterations of
nr-1 expression. Because Xcla (but not Xcla-DC) mRNA
aused an increase in GJC, the possibility that the effect of
cla on left–right asymmetry might be mediated by
hanges in GJC cannot be eliminated. While we cannot
onclude that multiple pathways exist, the data indicate
hat tight-junction proteins (this work), gap-junction pro-
eins (Levin and Mercola, 1998), and zonula adherens pro-
eins (Garcia-Castro et al., 2000) may be all involved in
eft–right determination. The simplest interpretation is
hat changes in cell–cell interactions can lead to changes in
eft–right symmetry.
The ability of Xcla to affect cell adhesion and migration
uggests that cell contacts during early Xenopus develop-
ent influence left–right asymmetries. This has recently
lso been underscored by studies in both chicken and
ebrafish. Garcia-Castro et al. (2000) report that molecules
overning cell adhesion or migration direct asymmetry in
vians. Their studies show that the adherens junction
rotein N-cadherin has both the spatial and the temporal
symmetrical expression appropriate to be involved in
eft–right asymmetry. They further show that inhibiting
-cadherin with specific antibodies causes randomization
f heart looping and that blocking N-cadherin function
ltered the expression of Snail and Pitx2 but not that of
odal (Garcia-Castro et al., 2000). In zebrafish, differen-
ially regulated isoforms of the transcription factor Pitx2
re implicated in the development of left–right asymmetry
Copyright © 2001 by Academic Press. All rightn the brain, heart, and gut (Essner et al., 2000; Campione et
l., 1999). Again, this phenotype is thought to be caused by
ffects on cell behavior. Overexpression of the different
itx2 isoforms leads to increased cellular adhesion during
arly development and it is therefore tempting to speculate
hat Pitx2 regulates asymmetric organ development in a
imilar manner (Essner et al., 2000). Other researchers have
mplicated gap junctions in left–right determination based
n studies involving connexins in human mutations and in
enopus and chick embryo experiments (Britz-
unningham et al., 1995; Levin and Mercola, 1998, 1999).
he results reported here implicate the tight-junction Xcla
rotein in left–right determination (Figs. 6F–6H). Taken
ogether, these findings suggest that tight, adherens, and
ap junction cell molecules play important roles in left–
ight asymmetry and it will be an important issue for the
uture to understand how the functions of the different
unctions are related to each other.
In conclusion, interfering with the function of any of the
hree types of cell junctions present in epithelial cells can
ead to changes in left–right situs: gap junctions (Levin and
ercola, 1998), adherens junctions (Garcia Castro et al.,
000), and tight junctions. The results presented here for
cla, a tight-junction protein that can affect cell adhesion,
ighlight the importance of correct cell–cell interactions
or left–right axis determination during vertebrate develop-
ent and introduce a novel molecule involved in this
rocess.
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